Abstract: The objectives of this investigation were to evaluate the degradation in fatigue strength of dentin by diamond bur preparations and to identify the importance of cutting direction. Three groups of coronal dentin specimens were prepared from unrestored third molars, including a flaw free "control," and two groups that received a diamond bur cutting treatment performed parallel or perpendicular to the specimen length. The specimens were subjected to static or cyclic flexural loading to failure and the results were compared with data for carbide bur cutting. Under static loading diamond bur cutting resulted in significantly lower flexure strength (p 0.05) than the control for both cutting directions (from 154 to 124 MPa). However, there was no significant difference in the strength between the control and carbide bur treated specimens. Similarly, the fatigue strength of the diamond bur treated specimens was significantly lower (p 0.0001) than that of the control for both cutting directions. Cutting in the perpendicular direction resulted in nearly 60% reduction to the endurance limit (from 44 to 19 MPa). Based on the results, diamond bur cutting of cavity preparations causes a reduction in the fatigue strength of dentin, regardless of the cutting direction. To maintain the durability of dentin, cavity preparations introduced using diamond burs must be performed with appropriate cutting direction and followed by a finishing pass. V C 2014 Wiley Periodicals, Inc. J Biomed Mater Res Part B: Appl Biomater 00B: 000-000, 2014.
INTRODUCTION
Cutting of tooth tissues is necessary in the removal of caries, in preparations preceding the placement of crowns and bridges, in the repair of failing restorations and in many other routine operations. The use of carbide and diamond burs operated with a high-speed handpiece is fundamental to the profession of dentistry. Perhaps by coincidence, those teeth that have been restored with methods involving cutting operations are also among the most likely to undergo failure. Next to secondary caries, tooth fracture is recognized as one of the most common forms of restored tooth failure. 1, 2 Are these fractures simply a result of the loss of tissue and reduction in tooth strength, or does the cutting process introduce damage that predisposes these teeth to fracture?
Kinney et al. 3 reasoned that intrinsic defects within dentin and enamel, or those introduced by a cutting process, diminish the structural integrity of these tissues. Akin to the damage introduced in dental ceramics during cutting, 4 damage introduced within the tooth tissues may facilitate restored tooth fracture. Earlier studies have sought to characterize the defects introduced during cutting of dentin and enamel, 5, 6 but their results were not conclusive. Though cracks have been found in enamel prepared with carbide and diamond burs, 7 flaws are generally not found in dentin.
Neither Banerjee et al. 8 or Sehy and Drummond 9 could identify visible cracks or microcracking in dentin after performing bur treatments and an evaluation by microscopy. Based on the results of these studies, it would appear that restored tooth fractures are primarily a result of the loss of tooth structure and not defects/flaws introduced by cutting. Damage introduced within dentin has become an important topic in the field of endodontics, particularly with regards to its potential contribution to the incidence of vertical root fracture (VRF). A number of studies have reported that damage is introduced during instrumentation of the canal during some methods of preparations. [10] [11] [12] Nevertheless, a recent study involving a comparison of teeth from cadavers showed no difference in the presence of microcracks between instrumented teeth and controls (i.e., without instrumentation). 13 Hence, there is controversy over whether the instrumentation process is responsible for the introduction of visible microcracks within root structure and their contribution to the incidence of VRF in root canal filled teeth.
As an alternative to microscopy, an exploration of damage or defects in tooth structure can be performed through an evaluation of strength. For instance, Staninec et al. 14 showed that laser preparations reduced the strength of dentin but that only the most detrimental conditions resulted in visible flaws. Flaws introduced with dental burs may be too small to see by microscopic evaluations but could cause degradation in strength if sufficient in size. Majd et al. 15 explored the influence of cutting on the durability of the dentin under both static and cyclic loading to failure. Although there was no influence of bur or airjet preparations on the strength of dentin under quasi-static loading, both treatments caused a significant reduction in the fatigue strength. One limitation of that study is that it considered cutting with carbide burs only and was limited to a single cutting direction. Flaws introduced within materials by cutting and grinding processes are often direction dependent. 16, 17 The reduction in strength is most severe when the direction of cutting and prominent lay of the surface is oriented transverse to the maximum normal stress. Despite its clinical relevance, no study has been reported on the contributions from cutting direction to the strength of dentin. While it is recognized that finishing is an important part of cavity preparations, there are essentially no guidelines for the direction of cutting.
Diamond burs are more commonly used today for cutting tooth tissues than in the past. Therefore, the primary objectives of this study were to evaluate the degradation in fatigue strength of coronal dentin resulting from cutting preparations with diamond burs, to compare that with results for carbide bur cutting and to determine the influence of cutting direction. The hypotheses to be tested were: (1) cutting with diamond burs reduces the fatigue strength of dentin and (2) cutting direction has no effect on the fatigue strength.
MATERIALS AND METHODS
Caries-free third molars were obtained from participating dental practices in Maryland according to a protocol approved by the Institutional Review Board of the University of Maryland Baltimore County (Approval Y04DA23151). All teeth were from young donors between 17 and 25 years of age. The teeth were maintained in Hanks Balanced Salt Solution (HBSS) with 0.2% sodium azide as an antimicrobial agent at 4 C, then cast in a polyester resin foundation, and sectioned using a high-speed grinder (Chevalier Smart-H818II, Chevalier Machinery, Santa Fe Springs, CA) and diamond impregnated slicing wheels (#320 mesh abrasives) within a water coolant bath. Primary sections were made along the tooth's axis, and secondary sectioning was performed to obtain rectangular beams [ Figure 1(a) ]. A microscopic inspection was conducted to reject specimens with pulp horn intrusions, enamel end-caps or other nonuniformities.
The dentin beams were subdivided into a nominally flaw-free control group evaluated directly "as-sectioned" and two additional groups further modified by surface treatment. All of the control beams were sectioned using the slicer/grinder with final thickness of 0.5 mm. The two treated groups were sectioned to have an initial thickness of 0.65 mm, and then further reduced in thickness by cutting using a flat-end taper commercial medium grit diamond bur (Model NS847018M 27AA, Premier, Plymouth Meeting PA) with water spray irrigation. One group was processed with the cutting direction parallel to the beam length, and the second group treated by cutting in the perpendicular direction [ Figure 1 (b)]. Results for the diamond bur treated specimens were also compared with specimens subjected to a surface treatment using a 6-flute tungsten carbide straight fissure bur (Model FG 57, SS White, Lakewood, NJ) as reported in Majd et al. 15 Diamond bur cutting of the dentin beams was performed with hydration using a commercial air turbine (Midwest Quiet Air-L High Speed Handpiece, Dentsply, New York, PA). Hydration was maintained during cutting with water spray. Material was removed from one surface [denoted a-a in Figure 1 (b)] in three equal passes for a total depth of material removal of 150 mm and a final specimen thickness of 0.5 mm. The depth of cut was defined by preliminary tests in which a dentist made finishing passes on beams and controlled the depth of cut by tactile sense. Then the resulting depth of cut was measured and used in controlled cutting operations performed by attaching the handpiece with bur to a miniature milling machine (Dyna Mechtronics, Model Dynamyte 2400 CNC milling machine, San Jose, CA). Use of the milling machine provided controlled feed of the bur across the dentin specimens and ability to achieve a precise and uniform depth of cut that is clinically relevant. The process also ensured that that the treated surface was uniform and would not have surface craters (resulting from inadvertent hand movements) that interfered with the flexure loading. A new bur was used after every 10 specimens to ensure that the bur was sharp. The total time involved in treatment (involving preparation and cutting) was less than five minutes. The procedures adopted for the diamond bur cutting are consistent with those used and reported in Majd et al. 15 Following completion of the preparation, the specimens were returned to an HBSS bath prior to testing. The average surface roughness (R a ) and peak to valley height (R y ) resulting from the treatments were assessed using contact profilometry (Model T8000, Hommelwerke, Jena, Germany). Profiles were obtained with direction parallel to the long axis of the beams using a 10 mm diameter contact probe. This profile orientation characterizes the apparent notches and surface defects that will promote a stress concentration under the tensile stresses that develop with flexural loading and directed along the length of the beam. The surface roughness parameters were calculated according to the standard ANSI B 46.1 using a traverse length and cutoff length of 4.8 and 0.8 mm, respectively.
Quasi-static and cyclic four-point flexure testing was conducted at room temperature (22 C) within a HBSS bath using a universal testing system (Model 3200, BOSE ElectroForce, Eden Prairie, MN, USA) using routine methods utilized in previous studies. 18, 19 Quasi-static flexure was performed under displacement control loading at a rate of 0.06 mm/min [ Figure 1(c) ]. The instantaneous load and load-line displacement were monitored at a frequency of 2 Hz to failure, with the average test requiring slightly less than 5 min. The cross-section geometry of each beam was measured and recorded for estimation of the bending stress that resulted from the flexure loading. The strength was determined using conventional beam theory 20 according to 3Pl/bh 2 , where P is the maximum measured load, b and h [ Figure 1 (c)] define the beam geometry and l is the loading span (= 2 mm). The flexure strengths were compared using one-way ANOVA and the critical value (alpha) was set at 0.05. Overall, 35 specimens were evaluated by quasi-static loading and included ten specimens from each of the two diamond bur treated groups and fifteen specimens from the control group.
Cyclic loading experiments were conducted according to the same loading arrangement used for quasi-static evaluation [ Figure 1 (c)] with a stress ratio (R 5 min load/max load) of 0.1 and frequency of 5 Hz. These conditions are in accordance with those used in previous studies. 15, 18, 21 The cyclic loading experiments were initially performed using a maximum stress of 90% of the average strength determined from the monotonic loading experiments. Subsequent tests were then conducted at a reduced level of maximum stress until reaching a value when the beams did not fail within a prescribed number of cycles. Specifically, each beam was subjected to cyclic loading until failure or up to 1200 kcycles, a value distinguished to be near the apparent endurance limit after previous studies. 21, 22 The fatigue life distribution of the specimens that underwent fatigue failure in each group was modeled according to a Basquin-type model
where A and B are the fatigue-life coefficient and exponent, respectively, and were obtained from a regression of the fatigue responses plotted on a log-normal scale. The apparent endurance limit was estimated from the models developed for each group at a fatigue limit (N) defined as 1 3 10 7 cycles. Overall, 130 specimens were evaluated by cyclic loading and included 80 control specimens and 25 specimens from each of the two groups of diamond bur treatment. Some of the specimens from the "control" condition were also part of the specimens prepared and evaluated in a previously reported study. 18 The fatigue life distributions were compared using the Wilcoxon Rank Sum test to establish significant differences with the critical value (alpha) set at 0.05.
Selected specimens from the control and treated groups were analyzed using a Scanning Electron Microscope (SEM: JEOL Model JSM 5600, Peabody MA) in secondary electron imaging mode. Both the treated surfaces and the fracture surfaces were examined using the SEM and optical microscopy to distinguish distinct flaws or the origin of failure, if evident.
RESULTS
A comparison of surface profiles from the control and diamond bur treated specimens is shown in Figure 2 (a). There are distinct differences evident in the surface height distributions between the three methods of preparation. Cutting with the diamond burs in the perpendicular direction clearly resulted in profile height variations with the largest amplitude. The average surface roughness and peak to valley height measurements obtained from the surface profiles from each group are shown in Figure 2(b) . These values are also compared with the surface roughness parameters reported in Majd et al. 15 for cutting of dentin with carbide burs. As evident in Figure 2 (b), diamond bur cutting in the perpendicular direction resulted in an average surface roughness and peak to valley height nearly ten times greater than those values resulting from the control and the other two groups of prepared specimens. When comparing the magnitude of average surface roughness, there was no significant difference (p > 0.05) in the surface quality between the control specimens and two treated groups (i.e., diamond and carbide bur) with parallel cutting direction. However, diamond bur cutting with perpendicular direction resulted in significantly greater average surface roughness (p 0.0005) than that for the control and those specimens treated with either diamond or carbide bur with parallel cutting direction. Similarly, diamond bur cutting with perpendicular direction resulted in significantly greater peak to valley height (p 0.0001) than for all of the other groups of specimens as well.
Scanning electron micrographs obtained from the surface of the control specimens and from diamond bur cutting are shown in Figure 3(a,b) , respectively. Despite the differences in surface roughness parameters between specimens of these two groups, there was minimal difference in the characteristics of the cut surfaces. Both exhibit a smear layer and a distinct directionality that is associated with the direction of cutting. The surface for diamond bur preparation in Figure 3 (b) corresponds to cutting in the perpendicular direction and shows a combination of valleys and ridges related to the path of abrasive particles distributed about the body of the bur. Note that a micrograph is not shown for diamond bur cutting in the parallel direction since the surfaces resulting from the two directions were essentially identical. The only visible difference between the surface characteristics of these two groups was the direction of the lay marks, which correspond to the path of the abrasive particles with bur traverse movement. Their contact path is scored onto the surface during oscillation of the bur. Similar features are evident in the control specimens, yet with substantially smaller amplitude and with direction aligned with the beam length. Results from quasi-static loading of the dentin specimens to failure provided measures of the strength in flexure. The average and standard deviation in strength of the control specimens was 154 6 24 MPa. For those prepared using diamond burs, the average strength of specimens obtained for the parallel and perpendicular cutting directions were 123 6 21 and 125 6 25 MPa, respectively. For comparison, the average strength of the specimens receiving carbide bur treatment was 152 6 22 MPa. 15 Although there was no significant difference (p > 0.05) in strength between the diamond bur treated specimens with parallel and perpendicular cutting directions, both groups were significantly weaker (p 0.05) than the control group and those receiving treatment using the carbide burs.
Results obtained from fatigue testing of the dentin specimens provided measures of the fatigue life (i.e. number of cycles to failure) in terms of the applied stress amplitude. A comparison of the fatigue life distributions for the control dentin specimens and diamond bur treated specimens with parallel orientation is shown in Figure 4 (a). As evident in this comparison, cutting of dentin with the diamond burs resulted in lower fatigue strength. Power-law models were developed for the fatigue life distributions using a leastsquares error approach and are presented with the experimental data. A comparison of the fatigue life distributions for the two directions of diamond bur cutting is presented in Figure 4(b) . Based on these two distributions, cutting in the perpendicular direction resulted in the lowest fatigue strength. A comparison of the results using the Wilcoxon Rank Sum test indicated that the fatigue strength of specimens treated using the diamond bur with parallel (Z 5 25.7; p 0.0001) and perpendicular (Z 5 26.9; p 0.0001) cutting directions were both significantly lower than the control. In addition, the fatigue strength from cutting with perpendicular direction was significantly lower (Z 5 24.0; p 0.0001) than that obtained with parallel direction. A comparison of the fatigue life distributions for the diamond bur treated specimens to those reported in Majd et al. 15 for carbide bur treatment are shown in Figure 5 ;
both of the cutting processes represented in this figure were performed in the parallel direction. There was no significant difference (Z 5 20.2; p 5 0.88) in the fatigue strength distributions for the two methods of cutting. Hence, all three conditions of surface treatment caused a reduction in the fatigue strength of dentin with respect to that of the control. Although there was no difference in the mean response between these two groups, there is a difference in the degree of variation. The fatigue life distribution of specimens obtained by carbide bur treatment exhibits a larger degree of variability than that for diamond bur cutting (Figure 5) , as evident from the lower coefficient of determination (R 2 5 0.37) and the distribution of the data.
The power-law models that were developed for each of the fatigue life distributions can be used for estimating an "apparent" endurance limit at a specific value of stress amplitude. Obtaining estimates in this manner provides an objective definition for each group. For the flaw-free control, the apparent endurance limit estimated at 1 3 10 7 cycles is 44 MPa. Using this same approach for the treated specimens, the apparent endurance limits for diamond bur cutting with parallel and perpendicular directions are 29 and 19 MPa, respectively. According to results presented for carbide bur treatment, 15 the reported apparent endurance limit is 28 MPa.
A fractographic analysis of the failed specimens was performed to search for the origin of failure and to detect potential differences in the failure characteristics. As noted from the presence of a compression curl on all the specimens examined, the initiation of failure occurred at the treated surface under tensile stress. 24 However, the specific origin of failure could not be identified in either the control or treated groups. The fracture surfaces were also evaluated using scanning electron microscopy. Representative micrographs from each method of preparation are shown in Figure 6 . Each of the micrographs in this figure was obtained just beneath the treated surface in the region of maximum tensile stress. The fracture surface from a representative control specimen is shown in Figure 6 (a). Micrographs from the fracture surfaces of specimens receiving diamond bur treatments with parallel and perpendicular cutting directions are shown in Figure 6 (b) and 6(c), respectively. In addition, an image from the fracture surface of a sample receiving carbide bur treatment is shown in Figure 6 (d). It is important to note that a smear layer can be seen at the cut surface (top) of specimens obtained from each method of preparation. For the control and diamond bur treated surfaces, there was no clear evidence of damage that resulted from the cutting process. However, those specimens subjected to carbide bur cutting [ Figure 6 (d)] exhibited a region of damage located just beneath the smear layer. The extent of damage was not uniformly distributed beneath the entire cut surface, nor was it of equivalent depth in all specimens. However, according to the estimates obtained from the examined specimens, the maximum degree of damage extended to a depth (D) of 10 mm beneath the smear layer, which is demarcated in the micrograph of Figure 6 (d).
DISCUSSION
Tooth fractures are one of the primary causes of restored tooth failures 1,2 and serve as a major obstacle to lifelong oral health. Many fractures occur in teeth with pre-existing cracks. Despite the prominence of this problem, there is currently no treatment recommended for repairing cracked teeth with a clearly documented rate of success. 25 Consequently, cracked teeth and those having suffered from incomplete fracture are more likely to result in extraction. Fatigue of dentin can contribute to the incidence of restored tooth fractures by facilitating the growth of small, essentially benign flaws, to a critical state. 22, 26 While intrinsic flaws within the tissue may serve as the origin of failure, cracks in restored teeth are much more likely to originate from damage introduced during the restorative process. Yet, the contribution of cutting preparations and defects resulting from material removal on the incidence of tooth fracture is rarely discussed. A comparison of the specimens receiving diamond bur cutting treatment with the flaw-free control showed that the cutting process did not necessarily result in larger surface roughness. Only the perpendicular cutting direction caused significantly larger surface roughness than that of the control group [ Figure 2(b) ]. In cutting with diamond burs, adjacent grooves are introduced via the path of the individual abrasive grains and the combined oscillation and traverse movement of the bur. The grooves promote a distribution of stress concentrations as shown in Figure 7(a) . While the same tool type was used for the two cutting directions, the stress concentrations are greater in the specimens with transverse cutting direction because the series of grooves are oriented perpendicular to the direction of tensile stress resulting from flexure. There is an approach for estimating the stress concentration posed by the surface topography. The two deepest valleys of the profile in Figure 7 (a) are highlighted in Figure 7 (b,c), along with measures of the respective apparent profile valley radii (q) at these locations. Using a graphical radius gage for measurement, the values of q from surfaces prepared by diamond bur cutting with transverse direction ranged from roughly 15 to over 100 mm; the average was 50 mm. The effective stress concentration (K t ) resulting from the surface texture can be obtained from the surface roughness parameters and measurements of q according to Arola and Ramulu. 27 For the parallel and perpendicular directions of diamond bur cutting, the estimated K t are 1.2 and 1.8, respectively. These values are far greater than the values recently reported for surfaces of dentin treated by acid etching (K t 5 1.02). 28 For the control and carbide bur treated specimens the estimated K t are both 1.0, which is substantially lower than those for diamond bur cutting due to the absence of dominant profile valleys. Therefore, one of the major differences between cutting with carbide and diamond burs is the magnitude of K t posed by the surface texture.
Results from the quasi-static experiments showed that the flexure strength of the specimens treated by diamond bur cutting was lower than that of the control and statistically significant. However, the strength of these two groups was 15% lower than that of the control and those specimens prepared using the carbide burs, which may not be clinically significant. Nevertheless, the largest differences in strength were evident in the fatigue responses. The hypotheses to be tested were that cutting with diamond burs reduces the fatigue strength of dentin, but cutting direction with diamond burs is not important. Diamond bur cutting resulted in lower fatigue strength than the control for both directions, which requires that the first hypothesis is accepted. There was also a significant difference in the fatigue strength between the parallel and perpendicular cutting directions [ Figure 4(b) ]. Diamond bur cutting performed in the parallel direction resulted in an apparent endurance limit (29 MPa) 35% lower than that of the control (44 MPa). Cutting in the perpendicular direction resulted in an apparent endurance limit (19 MPa) nearly 35% lower than that obtained for the parallel cutting direction. Therefore, the second hypothesis must be rejected. Cutting direction is very important to the fatigue strength of dentin when using diamond burs. That discovery is not unexpected as the direction of cutting and grinding has been identified to be important to the mechanical behavior of engineering materials for some time. 16, 17, 29, 30 Nevertheless, results from the present study are the first to show that both the cutting process and the cutting direction are important to the durability of dentin. Both of these factors should now be conveyed as being very important to the potential for tooth fracture. 15 The damaged region (D) resulting from the cutting in is highlighted beneath the smear layer (S) in this micrograph.
The larger surface roughness and apparent surface stress concentration of the specimens treated by diamond bur cutting might be interpreted as the primary cause for the reduction in strength under static and cyclic loading. Indeed, the stress concentration is important but it is unlikely that surface texture reflects the true integrity of the surface and the degree of underlying surface damage due to the smear layer. 31 Damage existing beneath the smear layer was identified in some of the specimens receiving carbide bur treatment [ Figure 6(d) ], but to a depth limited to 10 mm. That depth is substantially smaller than the subsurface flaw lengths reported in Majd et al. 15 for carbide bur cutting estimated from the fatigue data and the Kitagawa-Takahashi approach 32 ; the average subsurface flaw length for carbide bur cutting was estimated to be 70 mm. According to the agreement of the apparent endurance limit of the carbide and diamond bur treated specimens with parallel direction, the estimated average subsurface flaw length should be identical. Therefore, in the case of diamond cutting in the perpendicular direction, the reduction in fatigue strength appears to result from the subsurface flaws introduced during material removal and the amplification of the surface stress by the apparent stress concentration.
It is important to comment on the variability in fatigue strength responses presented in Figure 5 for the carbide and diamond bur treated specimens. Both groups show quite extensive scatter in the fatigue life. Some of that variability is reflected by the lower coefficients of determination (R 2 values) for these two groups. In fact, the variation in life at a single stress amplitude ranges over several tens of decades for both groups. One could interpret this behavior to reflect on the experimental methods and that it suggests poor repeatability. However, the same experimental methods of assessment were used for all groups, and resulted in substantially lower variability for the control and diamond bur treatment with perpendicular cutting direction. That decreases the likelihood of experimental inconsistencies. An alternate interpretation of the scatter in fatigue distributions is that the material removal process in this cutting direction and potential for the introduction of flaws is highly dependent on the microstructure. Spatial variations in tubule density, tubule size, and peritubular cuff thickness illicit a local difference in the mineral to collagen ratio and brittleness. These regions would be more susceptible to the development of flaws during cutting and, for specimens with these microstructural variations, result in lower fatigue life. If material removal will continue to be a staple of restorative dentistry, the ideal process for introducing cavity preparations would maintain the durability of dentin and be independent of microstructure.
One concern in the aforementioned interpretation of results is that subsurface damage was not evident in evaluation of the specimens treated with diamond burs [e.g., Figures 4(c) and 6(b) ]. Neither were any discrete flaws identified in the fracture surfaces of these specimens. That could be a limitation of the experimental methods used in this study, indicating that conventional microscopy is possibly incapable of revealing the extent of damage that results from cutting of dentin. The limited success of visual examinations increases the necessity of assessing the apparent flaw sizes and their significance through the degradation in mechanical behavior. It also highlights the need for development and application of alternative approaches to identify defects and cracks in tooth tissues. Groth et al. 33 found value in using X-ray micro tomography in identifying damage in enamel as a result of laser irradiation. However, preliminary attempts at using micro computed tomography with micron resolution to identify bur-related cutting damage in dentin did not show clear evidence of discrete flaws. In fact, edge effects dominated the cut surfaces and postprocess filtering was not successful at eliminating potential artifacts from damage. Yet, sub-micron resolution CT or alternative high resolution imaging techniques may prove valuable in this regard and future work appears warranted. While studies aimed at the damage resulting from cavity preparations and cutting with either carbide or diamond burs are limited, there has been substantial work regarding flaws introduced by instrumentation of root canals. There is also evidence that some methods of endodontic preparation damage the root and induce dentinal defects. [10] [11] [12] But not all methods cause damage. In comparing rotary files with hand files and self-adjusting files, Yoldas et al. 34 reported that all rotary files created microcracks in the root dentin, whereas the other files did not. After instrumentation, the stresses introduced by lateral compaction appear to result in a larger number of defects, 11 or an increase in size of existing defects and their visibility. Adorno et al. 35 suggested that root canal procedures involving instrumentation and compaction facilitate the initiation and propagation of cracks in the apical region of the root. An in vitro study by Barreto et al. 36 showed that while cyclic loading alone did not induce fracture in unprepared teeth, instrumented teeth followed by lateral compaction and mechanical cycling underwent a significantly higher incidence of root fractures. These findings imply that fatigue contributes to the growth of flaws caused by the cutting process and, in turn, reduces the durability of the tissue. That process is consistent with the findings in the present study, which showed that cutting with both carbide and diamond burs resulted in a reduction of fatigue strength of dentin.
Relevant to the discussion of tooth fracture is the importance of patient age and spatial variations in the properties of dentin. Due to changes in microstructure with age, dentin undergoes a decrease in fatigue strength, 21, 37 fatigue crack growth resistance 38, 39 and fracture toughness. 40, 41 This increase in "brittleness" of the tissue with age 42 elevates the propensity for the introduction of flaws during the cutting process and an increase in their growth rate. Both are detrimental to the tooth's durability. In addition, there is a reduction in both the fatigue crack growth resistance and fracture toughness of dentin with increasing distance from the dentin enamel junction. 43, 44 This spatial variation in properties increases the potential of flaws to be introduced in deep cavity preparations and to facilitate tooth fractures. Thus, diamond bur cutting and related damage resulting from the cavity preparation becomes increasingly detrimental with depth. From this perspective, finishing operations are essential in the placement of deep restorations and particularly in the treatment of seniors. Furthermore, the direction of cutting should be performed parallel to the expected direction of tensile stresses generated by mastication.
There are recognized limitations to this investigation that warrant discussion. For example, the influence of cutting was evaluated using medium grit diamond burs only. Cavity preparations should involve a finishing pass with a fine bur in an attempt to remove flaws introduced using the medium diamond and increase the overall surface quality. If successful, that step might facilitate a recovery in fatigue strength or an improvement in performance to a level more akin to the control. A complimentary investigation should explore the extent of material removal necessary using a finishing process, in subsequent steps, to remove the existing damage. Direction of cutting should also be considered as well as other factors related to the parameters involved in material removal (e.g., depth of cut, speed, etc). Future studies will address these issues.
There are additional limitations that should be highlighted as well. For instance, fatigue testing of the dentin specimens was conducted using a frequency of 5 Hz according to the methods adopted in earlier studies. 15, 18, 21 But 5 Hz is higher than that expected in mastication (2 Hz). 45 The fatigue strength of dentin is susceptible to frequency effects, 22, 46 and there is an increase in fatigue strength with loading frequency. Thus, the estimated values of apparent endurance limit may be larger than those obtained under the loading rates of mastication, thereby resulting in an underestimate of the extent of degradation caused by the cutting process. Regardless of loading frequency, there is a reduction in fatigue strength of dentin with bur cutting.
Another limitation of this study is that the control specimens were considered to be "flaw free". A true flaw-free control would require that the specimens be polished sufficiently to remove the smear layer and any damage introduced by the slicing process. While this finishing process is possible, it is not easily achieved due to the small specimen size and increasing potential for geometric errors in specimen profile. In addition, a measure of the true fatigue strength of dentin from a flaw free control would be difficult to obtain due to the influence of changes in the dentin tubule density in the tooth crown 47 and their influence on the strength 19, 48 and fatigue resistance. 43 Despite the aforementioned limitations, this study has provided new understanding regarding the cutting of cavity preparations and its importance to the durability of restored teeth. If cavity preparations will remain a staple of restorative dentistry, the development of improved methods and/ or ancillary steps capable of maintaining the fatigue strength of dentin may be warranted.
CONCLUSION
Cutting of dentin is an integral component of restorative dentistry. According to the data collected in this study, cutting of coronal dentin with diamond abrasive burs resulted in statistically significant reductions in dentin strength under both static and cyclic loading conditions. The findings of most clinical relevance were that the largest degree of reduction occurred to the fatigue strength and that cutting with diamond burs can cause greater degradation than that resulted from cutting with tungsten carbide straight fissure burs. Furthermore, the direction of cutting was an important factor to the fatigue response. The largest reduction in fatigue strength occurred when the direction of cutting was perpendicular to the direction of maximum principal stress. The degradation in strength appears to have been caused by a combination of localized damage resulting from the cutting process, and the stress concentration posed by grooves that are formed by individual abrasive grains about the periphery of the bur.
